The tumor suppressor gene p53 plays a central role in the maintenance of normal cell growth and genetic integrity, while its impact on the Epstein-Barr virus (EBV) life cycle remains elusive. We found that p53 is important for histone deacetylase inhibitor-induced EBV lytic gene expression in nasopharyngeal carcinoma cells. Restoration of p53 in p53-null, EBV-infected H1299 cells augments the potential for viral lytic cycle initiation. Evidence from reporter assays demonstrated that p53 contributes to the expression of the immediate-early viral Zta gene. Further analysis indicated that the DNA-binding ability of p53 and phosphorylation of Ser392 may be critical. This study provides the first evidence that p53 is involved in the regulation of EBV lytic cycle initiation.
Epstein-Barr virus (EBV), a human gammaherpesvirus, is associated with many human malignancies (23) . In the EBV life cycle, the process of reactivation switches the viral state from the latent phase to the productive lytic cycle. The reactivation of EBV not only produces infectious viral progeny but also contributes to disease progression. It was demonstrated that EBV lytic replication is critical for the pathogenesis of oral hairy leukoplakia in immunocompromised patients (34) . Elevation of antibodies against EBV lytic gene products in the sera of patients with nasopharyngeal carcinoma (NPC) also suggests a correlation between viral reactivation and human cancer (8, 45) . In addition, the requirement of lytic gene expression for outgrowth of lymphoblastoid cell lines in a SCID mouse model suggests the importance of reactivation for EBV pathogenesis (16) . Therefore, it is important to study the regulation of reactivation of EBV.
Zta and Rta play key roles in initiating EBV reactivation. During the switch from latency to the lytic cycle, the major threshold is to overcome the repression and initiate the activation of the Zta promoter (Zp) or the Rta promoter (Rp). In the latent phase, the EBV genome is bound by histone proteins into a chromatin structure (9) ; this not only helps to reduce DNA volume but also serves generally to silence transcription. Considering Zp, for example, the myocyte enhancer binding factor 2 family that binds to Zp recruits class II histone deacetylases (HDACs) and thus causes local chromatin condensation to maintain latency (12) . Upon reactivation, an increase in histone acetylation of Zp to overcome chromatin repression seems to be one of the key steps toward initiation of expression of Zta (22) . Hence, the action of HDAC inhibitor (HDACi)-mediated chromatin remodeling of Zp may account in part for the ability of EBV to reactivate.
Based on previous studies, it seems that p53 acts as a twoedged sword in viral replication. For some DNA viruses, such as polyomaviruses and papillomaviruses, activation of p53 would lead to cell cycle arrest and thus impede viral replication, because viral replication must be supplemented by replicative machineries which are present only in the S-phase cellular environment (25, 30, 37, 40) . On the other hand, p53 may participate positively in the replication of other viruses. It has been shown that p53 can enhance adenoviral replication and increase the production of virions (35) . For human immunodeficiency virus, lack of p53 inhibits viral replication (31) . For herpesviruses, several studies have indicated that p53 is recruited to viral replication compartments, suggesting its possible involvement in viral replication (11, 44, 47) . Recently, p53 was also found to be important in permissive human cytomegalovirus (HCMV) replication, probably by affecting the formation of replication foci and hence promoting viral replication (2) . According to these findings, it is intriguing to question whether p53 is involved in the progression of the EBV lytic cycle. Data from Kenney's lab indicated that Zta can interact with p53 and that both proteins can regulate the other's biological functions (27, 46) . However, the role of p53 in the initiation of EBV reactivation still needs further investigation.
EBV lytic cycle can be induced significantly in p53-positive NPC cell lines but not in p53-null cells. To investigate the potency of EBV lytic cycle progression in different cellular backgrounds, five EBV-infected epithelial cell lines were established as described previously (4) . Three NPC cell lines, TW01, TW04, and HONE-1, express p53, and the others are p53-null human cells, including a non-small-cell lung cancer cell line, H1299 (5, 41) , and an osteosarcoma cell line, Saos2 (26) . Cells infected with a recombinant Akata strain EBV containing a neomycin resistance marker and selected by G418 were designated NA, 4A, HA, H1299A, and Saos2A, respectively (4). As shown in Fig. 1A , expression of the viral latent protein EBNA1 indicates successful infection with EBV, and the expression of p53 was also demonstrated by Western blotting. To examine the viral lytic induction potencies of these cell lines, cells were treated with 12-O-tetradecanoylphorbol-13-acetate (TPA; phorbol ester), sodium-n-butyrate (SB; HDACi), or TPA plus SB (T/S). The characteristic EB viral lytic proteins, Zta, Rta, and BMRF1, were detected in NA, 4A, and HA cells, indicating viral lytic cycle progression (Fig. 1B to  D) . Furthermore, viral lytic gene expression could also be observed by using a natural EBV-harboring NPC cell line, C666-1 (6), in which p53 protein was expressed (Fig. 1G) . However, in H1299A and Saos2A cells, expression of these viral lytic proteins was hardly induced by chemical manipulation ( Fig. 1E and F) , suggesting that EBV lytic cycle initiation can be triggered only in a specific cellular environment. We speculated that p53 might play a role in the regulation of the EBV lytic cycle.
p53 is an essential factor for chemicals, especially HDACi, to induce viral early lytic protein expression. In order to elucidate the involvement of p53 in EBV lytic cycle progression, we used a DNA-based pSUPER small interfering RNA (siRNA) expression approach. Plasmids expressing p53-targeted siRNA (sip53) and an irrelevant control siRNA (siE7) were constructed according to the methods in previous reports (1, 13) . As shown in Fig. 2A, sip53 clearly reduced p53 expression in NA cells, and blockade of p53 expression severely impaired T/S-triggered viral lytic gene expression compared to that in cells treated with siE7. These data strongly support our speculation that p53 contributes to successful initiation of the viral lytic cycle in EBV-positive NPC cells. On the other hand, overexpression of exogenous Zta or Rta to provoke EBV lytic activation could still induce detectable expression of endogenous Zta and BMRF1 in sip53-treated cells ( Fig. 2A) , suggesting that the ability of Zta or Rta to transactivate its downstream genes is not notably affected by the lack of p53 (7, 14) . Therefore, our data suggest that p53 might be involved in the initial step of viral reactivation.
To determine whether p53 is required specifically for the induction of the EBV lytic cycle by TPA or SB alone, we knocked down p53 expression in NA cells and treated them with TPA, SB, or another HDACi, trichostatin A (TSA), alone. Our data indicate that p53 is required for HDACimediated lytic induction in NA cells ( (data not shown); still, we could not exclude the effects of p53 on the TPA-mediated lytic cycle in other cell types.
p53 influences HDACi-mediated Zp activity but does not affect the histone acetylation status of Zp. From the data described above, we assumed that p53 is involved in regulating the initial step of the viral lytic cycle. To test this hypothesis, reverse transcription-PCR (RT-PCR) analysis was performed to detect the immediate-early (IE) BZLF1 transcripts. The data in Fig. 3A show that BZLF1 transcripts could not be induced by TSA or SB when p53 was absent, indicating the participation of p53 in transcriptional expression of Zta. Meanwhile, using the entire BamHI Z fragment from the B95.8 strain as a simple induction system in EBV-negative TW01 cells, we also demonstrated that p53 plays an essential role in expression of Zta, which is under the regulation of its own promoter (Fig. 3B) . Furthermore, the results of a Zp reporter assay confirmed that TSA-mediated BZLF1 promoter activity was reduced when the expression of p53 was abrogated by siRNA in TW01 cells (Fig. 3C) . We also tested whether the activity of Rp was affected in the absence of p53, but TSA cannot induce Rp activation in our system (data not shown). Taken together, these data suggest that the BZLF1 promoter is active only when p53 protein is present.
HDACi has been shown to induce histone acetylation of the BRLF1 promoter (3). One report also suggests that HDACs may contribute to the silencing of Zp (12) . We sought to test whether HDACi induces nucleosomal acetylation of Zp and whether p53 influences this process. In our experiments, a chromatin immunoprecipitation (ChIP) assay showed that TSA promotes acetylation of histones H3 and H4 in the Zta promoter region in a time-dependent manner (Fig. 3D) . However, it seemed that the TSA-mediated nucleosomal acetylation status of Zp does not change, regardless of the presence of p53 (Fig. 3E, F , and G), suggesting that p53 might not affect the activity of Zp via alteration of its acetylation status.
Modifications of p53 protein affect the expression of the EBV lytic transactivator Zta. To verify the requirement of p53 for EBV lytic cycle initiation, plasmids expressing wild-type p53 and its DNA-binding mutant (p53-248m) were introduced into p53-null H1299A cells. Restoration of p53, but not the DNA-binding mutant, augmented Zta expression following SB treatment (Fig. 4A) , confirming the critical role of p53 in HDACi-induced EBV lytic cycle initiation. The failure of the p53 mutant to augment induction indicated the importance of the DNA-binding ability of p53 for EBV Zta expression.
In other situations, the functions of p53 can be regulated by numerous posttranslational modifications (42) . We examined the dynamic modification patterns of the p53 protein by using antibodies against phospho-Ser6, -9, -15, -20, -37, -46, and -392 and acetylated Lys382 of p53 with TSA-treated NA cells. However, only phosphorylation of Ser46 and Ser392 was detected (Fig. 4B) . Phosphorylation of Ser46 peaked at 12 to 14 h, while Ser392 remained phosphorylated throughout the process. In order to determine the importance of these modifications for EBV lytic induction, constructs with substitutions of Ser46 and Ser392 were generated and transfected into H1299A cells. Our data showed that when Ser392 was replaced with alanine, p53 lost its ability to support SB-induced expression of Zta (Fig. 4C) .
In this study, we found that the role of p53 in regulating EBV lytic replication differs from that for HCMV. For EBV, the major effect of the presence of p53 is to determine the initial expression of the EBV IE Zta gene. In the case of HCMV, lack of p53 expression retards HCMV replication but does not affect HCMV IE gene expression (2), suggesting NA cells were pretreated with p53 siRNA (sip53) or an irrelevant siRNA (siE7) and then manipulated with TSA for 24 h or SB for 48 h. RT-PCR analysis was performed to measure the BZLF1 transcripts. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression was detected as an internal control. RT(ϩ) and RT(Ϫ) denote experiments with and without reverse transcriptase in the RT-PCR mix, respectively. The numeric data below the panels are the relative intensities of BZLF1 transcripts, which were determined by ImageQuant quantification and normalized with their corresponding glyceraldehyde-3-phosphate dehydrogenase signals. (B) Confirmation of the requirement of p53 for Zta protein expression from a plasmid containing the BamH1 Z fragment (BamH1 Zf). After transfection with the sip53 and siE7 siRNAs, TW01 cells were transiently transfected with BamH1 Zf, followed by TSA treatment for 24 h. The control represents no drug treatment. Zta protein expression was detected by immunoblotting assay. ␤-Actin was used as the internal control. The intensities of Zta and p53 relative to that of ␤-actin are shown. (C) p53 is an essential factor for TSA-induced Zp activation. A reporter construct driven by Zp (positions Ϫ554 to ϩ12) and a control vector (pGL2-basic) were used in this luciferase reporter assay. TW01 cells treated with siRNA or TSA are indicated (ϩ). A t test analysis was used to evaluate the statistical significance of the difference in Zp activities in TSA-treated (bar 6) and mock-treated (bar 5) TW01 cells expressing siE7 (P ϭ 0.015). A significant difference in Zp activities between TW01 cells transfected with siE7 (bar 6) and those transfected with sip53 (bar 8) was seen (P ϭ 0.011). (D) TSA promotes Zp histone acetylation status in a time-dependent manner. NA cells treated with TSA for the indicated times were subjected to ChIP assay as described previously (21) . Briefly, formaldehyde cross-linked cells were washed with ice-cold phosphate-buffered saline and harvested after centrifugation at 10,000 ϫ g. Pellets were then resuspended in nuclear lysis buffer (50 mM Tris, pH 8.1, 10 mM EDTA, 1% SDS) with Complete protease inhibitor cocktail (Roche). Lysates were sonicated to yield 500-to 1,000-bp DNA fragments. Subsequent lysates were diluted with 10 volumes of ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl, pH 8.1, 167 mM NaCl, 1 mM dithiothreitol, and 50 g salmon sperm DNA) and incubated overnight at 4°C with anti-acetylated histone H3 (anti-AcH3; Upstate), anti-AcH4 (Upstate), or nonspecific immunoglobulin G (Dako). The immunocomplexes were precipitated by incubation with salmon sperm DNA and bovine serum albumin preblocked 50% protein A-Sepharose (GE Healthcare), followed by washing sequentially with buffer I (20 mM Tris, pH 8.0, 2 mM EDTA, 150 mM NaCl, 1% Triton, 0.1% SDS), buffer II (20 mM Tris, pH 8.0, 2 mM EDTA, 500 mM NaCl, 1% Triton, 0.1% SDS), buffer III (10 mM Tris, pH 8.1, 0.25 M LiCl, 1 mM EDTA, 1% NP-40, 1% Igepal), and Tris-EDTA buffer. The immunocomplexes were then eluted using buffer containing 1% SDS, 0.25 M NaCl, and 0.1 M NaHCO 3 . Cross-linked DNAs were then reversed by being heated to 65°C overnight. After being treated with proteinase K, DNAs were extracted with phenol-chloroform, dissolved in Tris buffer (pH 8.0), and analyzed by PCR, using specific primers encompassing positions Ϫ221 to ϩ12 of Zp. The ImageQuant-determined intensities of anti-AcH3-and anti-AcH4-captured Zp signals relative to those of their corresponding input controls are shown. (E to G) p53 did not affect TSA-mediated acetylation of H3 and H4 on Zp. p53-depleted NA cells (E and F) and p53-transfected H1299A cells (G) were subjected to histone H3 and H4 acetylation status analysis using ChIP assay. The regions of positions Ϫ221 to ϩ12 (E and G) and Ϫ554 to Ϫ221 (F) of Zp were amplified by PCR. The relative intensities of anti-AcH3-and anti-AcH4-precipitated Zp DNA amounts were provided after being normalized with those of their input controls and standardized with that of TSA-treated siE7 (E and F, lane 2) or SB-treated vector control (G, lane 2). multiple functional activities of p53 in human herpesvirus replication.
How does p53 regulate the activity of EBV Zp? One possibility is that p53 binds directly to a responsive element in the Zp region. However, according to sequence analysis, there is no consensus p53-binding site present in that region. Nonetheless, a reporter assay using Zp (positions Ϫ554 to ϩ12) (Fig.  3C ) suggested a possible p53-influencing region on Zp, and this may rule out the importance of a putative p53-binding site which is present in the first intron of BZLF1. Alternatively, we hypothesized that p53 may regulate Zp via indirect binding to an Sp1 site (24, 36, 43) , as these sites are abundant on Zp. However, we could not find any clear evidence for the direct binding of p53 to Zp, using either a ChIP assay or a DNAaffinity precipitation assay (data not shown). Because of the lack of evidence indicating direct binding of p53 to Zp, and certainly a p53 DNA-binding domain is required to regulate Zp (Fig. 4A) , we wondered whether p53 might affect Zp by activating or repressing expression levels of some other critical transcription factors whose activities are influenced directly by p53. HDACi regulates gene expression in part by promoting nucleosomal acetylation of promoter regions, but we did not find a detectable alteration of TSA-mediated Zp acetylation in the absence of p53 (Fig. 3E to G) . This suggests strongly to us that p53 may affect the activity of Zp by promoting the recruitment of other transcriptional regulators. Meanwhile, by immunoblot screening, we detected phosphorylation of the p53 protein at Ser46 and Ser392 during treatment with HDACi (Fig.  4B) . Additional p53 mutation and restoration assays with p53-null H1299A cells supported the importance of the Ser392 residue in triggering the expression of EBV Zta (Fig. 4C) . This evidence suggests that some kinases, such as p38, CK2, and CDK9, which are involved in the regulation of Ser392 residues (15, 17, 33) , may participate in p53-mediated initiation of the EBV lytic cycle.
Although mutations of p53 have been reported for more than 50% of human cancers, they are found rarely in NPC (19, 28, 32, 39) . This study provides evidence that p53 is a pivotal factor that helps EBV by overcoming the silencing of the IE gene promoter Zp and thus promotes the onset of lytic repli- -248m) , for 24 h, followed by SB treatment (ϩ) or mock treatment (Ϫ) for an additional 48 h. Gene expression was detected by an immunoblotting assay using antibodies against Zta and p53. (B) Examination of the phosphorylation status of p53 protein upon TSA treatment. NA cells treated with TSA for the indicated times were extracted with RIPA buffer, followed by an immunoblotting assay using antibodies against specific phosphorylation residues (p53 sampler kit; Cell Signaling). Phosphorylation patterns of Ser46 and Ser392 are shown as p53-S46-p and p53-S392-p. (C) Influence of p53 phosphorylation mutants on viral Zta expression. Serial expression constructs of pcDNA3 (vector), namely, hemagglutinin (HA)-wild-type p53 (p53-wt), HA-p53S46A (S46A), HA-p53S392A (S392A), and HA-p53S46A/S392A (S46A392A), were transiently transfected into H1299A cells. Cells were induced with SB for an additional 48 h. Gene expression was analyzed by an immunoblotting assay using antibodies against Zta, HA, and ␤-actin. The relative intensities of analyzed protein signals were obtained as described in the legend to Fig. 1 cation. Meanwhile, a close relationship between EBV reactivation and the development of NPC has been demonstrated, but the biological interaction has not been explored (8) . If viral reactivation contributes positively to NPC progression and p53 protein is needed for the initiation of EBV lytic replication, tumor cells may effectively be selected for retention of p53 activity. It is found frequently that p53 accumulates in NPC biopsies, while its function remains elusive (29, 38) . This is the first report to imply that the accumulated p53 protein in NPC cells may have biological significance in the EBV life cycle. Considering that several DNA-damaging or apoptosis-promoting agents have been shown to promote EBV reactivation (10, 18, 20) and given the downstream interaction of p53 within these mechanisms, we postulate that proapoptotic signaling may be favorable for EBV lytic induction. The detailed involvement of p53 in the regulation of viral reactivation requires further elucidation.
